We combined Gal4-UAS and the FLP recombinase-FRT and fluorescent reporters to generate cell clones that provide spatial, temporal and genetic information about the origins of individual cells in Drosophila melanogaster. We named this combination the Gal4 technique for real-time and clonal expression (G-TRACE). The approach should allow for screening and the identification of realtime and lineage-traced expression patterns on a genomic scale.
The yeast transcriptional activator Gal4 has been extensively used as a genetic reporter in Drosophila 1 . To date, thousands of transgenic lines have been generated that exhibit distinct Gal4 expression patterns during development and are available for analysis 2, 3 . Here we describe a Drosophila screening tool, which we name the Gal4 technique for real-time and clonal expression (G-TRACE) system, developed by the University of California Los Angeles (UCLA) Undergraduate Research Consortium in Functional Genomics 4,5 . This system reveals real-time Gal4 expression, similar to traditional Gal4 analysis, but also marks cell lineages derived from Gal4expressing cells ( Fig. 1a and Supplementary Fig. 1 ). The key feature is that the initiation of lineage reporter expression is Gal4dependent whereas maintenance of lineage reporter expression is not. G-TRACE makes use of fluorescent protein reporters for both real-time analysis (RFP) and lineage-based analysis (enhanced GFP (EGFP)), thereby increasing screening throughput as there is no requirement for antibody staining (Fig. 1a) .
To initiate lineage tracing, Gal4 mediates the expression of FLP recombinase, which in turn removes an FRT-flanked transcriptional termination cassette inserted between a Ubiquitin-p63E (Ubi-p63E) promoter fragment and the EGFP open reading frame. Thereafter, the Ubi-p63E promoter maintains EGFP expression perpetually in all subsequent daughter cells, independent of Gal4 activity. These 'FLP-out' constructs have previously been used to assess biological function including lineage information [6] [7] [8] [9] [10] ; G-TRACE is to our knowledge the first FLP-out system to use the Ubi-p63E promoter and a direct EGFP reporter.
To demonstrate the usefulness of the G-TRACE system, we evaluated Gal4 lines with well-defined real-time expression patterns at the third larval instar but for which expression patterns at earlier stages were less clear ( Fig. 1b-g and Supplementary Fig. 2 ). In the wing imaginal disc, hedgehog-gal4 (hh-gal4) mediated RFP expression throughout the posterior compartment ( Fig. 1b) . Examination of the cognate lineage-traced EGFP pattern revealed uniform expression limited to the posterior compartment ( Fig. 1c) , confirming prior genetic evidence. Both patched-gal4 (ptc-gal4) and decapentaplegic-gal4 (dpp-gal4), which respond to Hedgehog signaling, expressed RFP in a stripe of anterior compartment cells along the anteriorposterior compartment boundary ( Fig. 1d ,f). However, despite similar real-time expression at this developmental stage, EGFP expression in ptc-gal4 marked the entire anterior compartment ( Fig. 1e ) but only a portion of the anterior compartment in dpp-gal4 ( Fig. 1g) , indicating differential regulation of these genes during wing development.
The G-TRACE system worked well across all tissues, including the brain and lymph gland (Supplementary Figs. 3 and 4); we analyzed real-time expression and lineage tracing for the Gal4 enhancer trap (Gal4-ET) line NP0114 in the brain (Fig. 1h ,i) and Collagen-gal4 (Cg-gal4) in the lymph gland ( Fig. 1j,k) . The method was also useful for identifying Gal4 lines with expression patterns restricted to early development (that is, showing EGFP expression, but no RFP expression at later developmental stages), such as for Hemese-gal4 (He-gal4), a putative blood-specific marker 11 , in the late third instar brain ( Fig. 1l,m ) and for the Gal4-ET line NP0829 in the lymph gland at the same stage ( Fig. 1n,o) .
We found many lines with expression patterns in distinct brain lineages ( Fig. 2a ). For example, in Gal4-ET lines NP0114 ( Fig. 2b-d ) and NP0189 ( Fig. 2e ,f), current (RFP) expression (third instar) was restricted to the central brain, whereas a substantial number of lineage-traced populations were found in the optic lobes and surface glia. In contrast to these lines, the Gal4-ET line NP0829 exhibited widespread current RFP and lineage expression in the optic lobe ( Fig. 2g- Supplementary  Tables 1-4 and Supplementary Data as well as at http:// www.mcdb.ucla.edu/research/banerjee/urcfg/.
i). A summary of Gal4 expression patterns in four different tissues and representative examples for each Gal4 line screened during the course of this work is available in
To better understand how late stage patterns arise, we selected a subset of Gal4 lines for analysis at earlier stages ( Fig. 3 and Supplementary Fig. 5 ); in each case, we identified the earliest time point at which RFP was expressed in the tissue or area of interest. In the late third instar, real-time expression of OK107-gal4 was restricted to the mushroom body of the central brain, but a large fraction of the optic lobe expressed EGFP (Fig. 3a,b ). Consistent with this pattern, OK107-gal4 was expressed in many cells in the region of the developing optic lobe by the late first instar (Fig. 3c,d ). Unpaired-gal4 (upd-gal4) drove RFP expression in the optic lamina at the late third instar 12 (Fig. 3e) , whereas EGFP was expressed throughout the optic lobe (Fig. 3f) . The earliest expression of upd-gal4 in the developing optic lobe was during the early stages of the second instar ( Fig. 3g,h) . The hh-gal4 line lacked realtime expression in the late third-instar brain but generated a large cluster of EGFP-expressing cells in the posterior ventral portion of the optic lobe ( Fig. 3i,j) . We determined that hh-gal4 was expressed in the early first instar in a small cluster of cells located ventrally within the posterior region of the optic lobe Fig. 3k,l) . In the lymph gland, hand-gal4 expression was absent at the late third instar, but the vast majority of lymph gland cells expressed EGFP at this stage (Fig. 3m,n) . Using G-TRACE, we found hand-gal4 to be expressed in the lymph gland in late-stage embryos (Fig. 3o,p) , consistent with reports of hand gene 13 expression in the embryonic cardiogenic mesoderm. The G-TRACE system places Gal4 expression patterns in a developmental context by combining real-time expression analysis with a cell-autonomous FLP-out marking system, which is particularly valuable in providing information about gene expression, such as transient expression patterns, that may be limited or inaccessible using other reporter systems (for example, standard Gal4 expression analysis or analysis of spatially random heat shockinduced clones). Temporal analysis (Fig. 3) can be used to distinguish between broad EGFP expression owing to small numbers of precursors that proliferate extensively (that is, actual cell clones) and Gal4 expression among many post-mitotic or slowly proliferating cells at later stages. For any line, a subset of Gal4-expressing cells may not initiate EGFP expression owing to a 'threshold effect' . We found that the efficiency of generating EGFP-marked cell clones correlated primarily with driver strength, that is, the amount and duration of Gal4 expression. Strong drivers, such as hh-gal4 and ubiquitin-gal4 ( Supplementary Fig. 6 ), initiated lineage tracing in nearly all Gal4-expressing cells, whereas weaker drivers, such as eyeless-gal4, caused unmarked clones to appear at high frequency (data not shown). Drivers that expressed Gal4 in a gradient, such as hand-gal4, reproducibly generated both marked and unmarked lineages ( Supplementary Fig. 6 ). Thus, reliable Gal4-based lineage patterns as defined by the G-TRACE system were those that were highly reproducible among multiple samples.
In summary, the G-TRACE system is very useful for the identification and characterization of Gal4 lines with early and/or transient expression patterns and in describing the development of tissues with complex lineages. Furthermore, G-TRACE has the potential to be valuable in studying stem cells and how they contribute to the growth and maintenance of tissues, as well as in studying phenomena such as cell death, senescence and dedifferentiation. Future analyses may benefit from modified G-TRACE systems with different reporters (for example, membraneassociated GFP) or in which Gal4 activity can be modulated during development, such as with Gal80 ts , a temperature-sensitive inhibitor of Gal4 function.
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